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De´partement de Microbiologie et d’Infectiologie cells grown at the same temperature. On the other hand,
Faculte´ de Me´decine RNA extracted from rnt1p-ts grown at 26C was com-
Universite´ de Sherbrooke pared to that extracted from the same cells after growth
Sherbrooke, Que´bec J1H 5N4 for 4 hr at 37C. Comparing the RNA extracted from
Canada wild-type cells grown at 26C to that from cells grown
at 37Chelped us to eliminate Rnt1p-independent genes
whose expression is induced by heat shock. The expres-
sion of more than 450 genes increased by at least 2-foldSummary
in rnt1 cells. Of these, 92 were also affected by the
inactivation of the rnt1p-ts allele. As predicted, mostMembersof theRNase III family are found in all species
known Rnt1p substrates, such as snoRNAs andexaminedwith the exception of archaebacteria, where
snRNAs, were identified as being affected in both rnt1the functions of RNase III are carried out by the bulge-
cells (for an example, see Figure 1A) and the rnt1p-tshelix-bulge nuclease (BHB) [1]. In bacteria, RNase III
strain (data not shown). In contrast, the RNAs of genes,contributes to the processing of many noncoding
such as snR31 and ACT1, that are known not to beRNAs and directly cleaves several cellular and phage
cleaved by Rnt1p in vitro were not affected (Figure 1A).mRNAs [2, 3]. In eukaryotes, orthologs of RNase III
We folded the sequence of mRNAs that were perturbedparticipate in the biogenesis of many miRNAs [19, 20]
in the absence of Rnt1p in silico and identified potentialand siRNAs [21], and this biogenesis initiates the deg-
Rnt1p cleavage sites (Figure 2A) within the mRNA se-radation or translational repression of several mRNAs
quence coding for the glucose-dependent transcription[22–25]. However, the capacity of eukaryotic RNase
repressor Mig2p [6]. Mig2p is a zinc finger DNA bindingIIIs to regulate gene expression by directly cleaving
protein that represses transcription in response to glu-within the coding sequence of mRNAs remains specu-
cose by recruiting the general repressors Ssn6p andlative. Here we show that Rnt1p, a member of the
Tup1p. Many of the genes that are regulated by Mig2pRNase III family, selectively inhibits gene expression
in baker’s yeast by directly cleaving a stem-loop struc- are also controlled by the similar transcriptional factor
ture within the mRNA coding sequence. Analysis of Mig1p, which acts as a functional paralog. Both proteins
mRNA expression upon the deletion of Rnt1p revealed have similar, but not overlapping, binding sites in the
an upregulation of the glucose-dependent repressor promoter region. The deletion of either MIG1 or MIG2
Mig2p. Mig2p mRNA became more stable upon the partially deregulates the expression of the glucose-
deletion of Rnt1p and resisted glucose-dependent dependent gene SUC2 [7], whereas the deletion of both
degradation. In vitro, Rnt1p cleaved Mig2p mRNA and genes in the same strain causes the constitutive expres-
a silent mutation that disrupts Rnt1p signals blocked sion of SUC2 [6, 7]. The invertase produced by this gene
Mig2p mRNA degradation. These observations reveal is required for the hydrolysis of external sucrose into
a new RNase III-dependent mechanism of eukaryotic glucose and fructose [8, 9]. Mig1p activity is regulated
mRNA degradation. by glucose via the protein kinase Snf1p, whereas the
mechanism of Mig2p repression is unknown [6]. Unlike
Mig1p, glucose affects neither the transcription ofMig2pResults and Discussion
nor its cellular localization [6], and the mechanism that
coordinates the activity of the functionally redundantDeletion of Yeast RNase III Leads to the Overexpression
of the Glucose-Dependent Transcription Mig1p and Mig2p is not clear.
Repressor Mig2p The microarray data shown in Figure 1A indicate that
Rnt1p is localized to the nucleus and was not detected Rnt1p deletion also increases the expression level of
in the cytoplasm even when overexpressed [4]. There- SNF1, MIG1, and SUC2 but not to the same extent as
fore, the RNA substrates that are directly cleaved by that observed for MIG2. The variation in the expression
Rnt1p are expected to accumulate at least transiently level was also confirmed by Northern blot analysis (data
in the nucleus. Consistently, deletion of RNT1 is ex- not shown). The increase in Mig2 mRNA upon the dele-
pected to perturb the stability of nuclear RNAs without tion of Rnt1p was three times less than that observed
significantly affecting the half-life of the mature cyto- for the known Rnt1p snoRNA substrate snR62 but was
plasmic mRNA. In order to identify potential Rnt1p similar to that observed for the pre-mRNA substrate
mRNA substrates, we have compared the expression Rps22B [10]. In addition, the Rnt1p-dependent increase
profiles of RNA extracted from wild-type cells to that of in mRNA expression is similar in magnitude to that pre-
cells lacking Rnt1p (rnt1) or to that of cells expressing viously observed upon the deletion of factors affecting
a temperature-sensitive allele of Rnt1p (rnt1p-ts) [4] grown the stability of nuclear RNAs [11]. We conclude that the
most likely target of Rnt1p among the tested glucose-
dependent repressors is Mig2p.*Correspondence: sherif.abou.elela@usherbrooke.ca
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Figure 1. Rnt1p Is Required for Normal Expression of the Glucose-Dependent Transcription Repressor Mig2p
(A) Microarray analysis of the expression profiles of Mig2p and related glucose-dependent proteins. The RNA was extracted from either wild-
type (W303) or rnt1 cells [20, 21] grown at 26C in rich media [20]. The data shown is the average of two independent experiments. ACT1
and snR31 mRNAs are shown as negative controls, and snR62 and RPS22B mRNAs are shown as positive controls.
(B) Northern-blot analysis of Mig2 mRNA expression upon deletion of RNT1. The RNA was extracted from either wild-type or rnt1 cells grown
as described in (A). The RNA was visualized with randomly labeled probes corresponding to the entire coding sequence of either Mig2 or
Act1 mRNAs, as previously described [5]. The bands corresponding to Mig2 mRNAs were quantified with Instant Imager and normalized with
Act1 mRNA as a loading control, and the relative amount of Mig2 mRNA calculated (indicated at bottom). The data are the average of three
experiments with an error margin of 0.4.
(C) Comparison of the rate of decay of Mig2 mRNA in RNT1 versus rnt1 cells. Pol II transcription was shut down by the addition of thiolutin
to a final concentration of 10 g/ml to an exponentially growing culture [20], and the RNA was extracted at different time points [25]. The
RNA was fractionated on agarose gels and hybridized with probes against either Mig2 mRNA or the Pol III-transcribed Rpr1 RNA. The bands
corresponding to Mig2p mRNA and Rpr1 were quantified with Instant Imager. The RNA was normalized according to the amount of Rpr1
RNA, and the relative amount of Mig2 mRNA was calculated. (D) Deletion of Rnt1p delays the repression of Mig2p expression upon glucose
depletion. Yeast cells were grown in rich medium containing 4% glucose to log phase and then were shifted to a rich medium containing 5%
glycerol and 0.05% glucose as described earlier [6]. The RNA was quantified as described in (C) and plotted against the time of shift to
glycerol media.
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Figure 2. Rnt1p Cleaves a Stem-Loop Structure Required for Mig2 mRNA Degradation upon Glucose Depletion
(A) Schematic presentation of Rnt1p cleavage sites located near the 5-end of the Mig2 mRNA. The RNA structure was predicted in silico
with Mfold [27]. The boxed letters indicate the mutations that disrupt Rnt1p cleavage signals. The first nucleotide of each codon of Mig2p is
underlined. The conserved NGNN tetraloop is indicated in bold. The position of the Rnt1p cleavage sites determined in vitro is indicated by
the arrows.
(B) In vitro cleavage of Mig2 mRNA via recombinant Rnt1p. Total RNA was extracted from rnt1 cells as described [5] and incubated in either
the absence or the presence of an increasing amount of recombinant Rnt1p as described [23]. The RNA was fractionated, and the same
membrane was hybridized with probes corresponding to either Mig2 or Act1 mRNAs as described in Figure 1. (P) indicates the position of
cleavage product.
(C) Mapping of the Rnt1p cleavage sites via primer extension. RNA extracted from rnt1 cells was incubated alone (NE) or with recombinant
Rnt1p [23]. Samples from different time points were extracted and used for primer extension analysis. Extension of a primer complementary
to the sequence near the 5-end of the Mig2 mRNA was extended and separated on 6% polyacrylamide gel. The reference DNA sequence
produced with the same primer is shown on the left. The products corresponding to the cleavage sites (C1 and C2) are shown on the right.
(D) Disruption of the predicted stem-loop structure inhibits cleavage by Rnt1p in vitro. The RNA was extracted from rnt1 cells expressing
either a wild-type allele of MIG2 or a mutated allele (mig2-1) in which the Rnt1p-specific stem-loop structure was disrupted without the Mig2p
protein sequence being altered. Recombinant Rnt1p was incubated with the different RNA samples as described in (B). The cleavage products
were visualized on agarose gel with probes specific to either Mig2p or Act1 mRNAs, as described in Figure 1C. The position of the mature
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Rnt1p Is Required for Efficient Degradation rnt1 cells, and the Mig2 mRNA was visualized with a
specific probe. As shown in Figure 2B, Rnt1p cleavedof Mig2 mRNA
Northernblot analysis of RNAextracted fromcells grown the Mig2 mRNA, releasing a 900 nucleotide fragment
consistent with cleavage near the predicted Rnt1pin the presence of glucose confirmed the microarray
results showing that the level of Mig2p in rnt1 cells cleavage sites (Figure 2A). The same concentration of
Rnt1p did not cleave any other mRNAs, such as Act1was about doubled as compared to the level in wild-
type cells (Figure 1B). The increase in the expression mRNA, that lack Rnt1p cleavage signals (data not
shown). In order to precisely map the sites of Rnt1plevel and stability of Mig2 mRNA could result from an
increase in either the transcription rate or the stability cleavage, we subjected the cleavage products to primer
extension by using a primer located at the 3 end of theof the mRNA. In order to differentiate between these
two possibilities, we used thiolutin to inactivate Pol II predicted cleavage sites. The primer extension products
were comparedwith a DNA sequence ladder of theMig2transcription in bothrnt1 andwild-type cells and exam-
ined the rate of mRNA decay. As shown in Figure 1C, mRNA generated with the same primer (Figure 2C). Two
cleavage sites, 15 and 16 nucleotides from the predictedthe deletion of Rnt1p increases the half-life of Mig2
mRNA from 6 to 12 min in cells grown in the presence AGGA tetraloop, were observed after incubation with
recombinant Rnt1p (Figures 2A and 2C). Because theof glucose. In addition, mutations that disrupt Rnt1p
catalytic activity without affecting its capacity to bind cleavage occurs in the coding sequence, it is unlikely
that Rnt1p participates in the cleavage of immatureMig2to RNA or proteins [4] increased the half-life of Mig2
mRNA to the same extent as the complete deletion of mRNA, as suggested for nuclear exoribonucleases [13].
We conclude that Mig2 mRNA is a canonical substrateRnt1p (data not shown). This clearly indicates that the
normal turnover ofMig2mRNAdepends onRnt1p cleav- of Rnt1p in vitro.
age activity. The technique used in this study does not
distinguish between nuclear and cytoplasmic mRNAs, Deletion of Rnt1p Cleavage Signal Increases
and therefore the calculated half-life reflects the decay the Stability of Mig2 mRNA In Vivo
rate of both cytoplasmic and nuclear Mig2 mRNA com- In order to examine the contribution of Rnt1p cleavage
bined. Because Rnt1p is nuclear and therefore cannot signal to Mig2 mRNA degradation in vivo, we created a
directly cleave mRNA that accumulates in the cyto- MIG2 allele that carries four silent pointmutations (mig2-1)
plasm, it is more likely that the observed increase in disrupting the AGGA stem-loop structure recognized by
the mRNA half-life reflects that of the nascent mRNA Rnt1p in vitro (Figure 2A). Expression of either MIG2 or
accumulating in the nucleus. It has been shown before mig2-1 alleles repressed the expression of SUC2 in cells
that deletionsof nuclear exonucleasesor nuclear factors lacking both MIG1 and MIG2, indicating that disruption
that can only affect nuclear mRNA stability result in an of the Rnt1p cleavage sites does not alter the protein
overall increase in the half-life of the mRNA [11–13]. We function (data not shown). In vitro, RNA extracted from
conclude that Rnt1p is required for efficient degradation cells expressing mig2-1 resisted cleavage by Rnt1p,
of Mig2 mRNA. whereas that extracted from cells expressingMIG2 was
Because the transcription of Mig2p is not regulated cleaved under the same conditions (Figure 2D). Consis-
by glucose [6], and the mechanism of Mig2p repression tently, the steady-state level of mig2-1 mRNA in vivo
is not known, we examined the effect of glucose onMig2 was two times that of MIG2 mRNA (data not shown),
mRNA stability in both the presence and the absence of and the half-life of mig2-1 mRNA was four times longer
Rnt1p. As shown in Figure 1D, the level of Mig2 mRNA than that of the MIG2 mRNA in cells grown in the pres-
in wild-type cells decreases by 30% in 3 hr and was ence of glucose (Figure 2E). This indicates that the dis-
completely degraded after 5 hr of glucose depletion. In ruption of Rnt1p cleavage signals slows the degradation
contrast, in rnt1 cells about 60% of Mig2 mRNA re- of Mig2 mRNA under conditions that normally allow the
sisted degradation even after 5 hr of glucose depletion. expression of Mig2p. In order to examine the contribu-
We conclude that glucose regulates Mig2 mRNA stabil- tion of Rnt1p to the degradation of Mig2 mRNA upon
ity in an Rnt1p-dependent manner. glucose depletion, we monitored the expression level
of wild-type and the mutated allele of MIG2 at different
times after shifting the cells to glycerol. As shown inMig2 mRNA Is Directly Cleaved by Rnt1p In Vitro
In order to determine whether or not Mig2 mRNA is a Figure 2F, MIG2 but not mig2-1 mRNA was completely
degraded after 4 hr of glucose depletion. These datadirect substrate of Rnt1p, we tested the cleavage of
Mig2 mRNA by Rnt1p in vitro. Purified recombinant indicate that Rnt1p cleavage signals are required for
Mig2 mRNA degradation upon glucose depletion. WeRnt1p was incubated with total RNA extracted from
mRNA and the cleavage product (P) are indicated on the right. (NE) indicates RNA samples incubated in the absence of Rnt1p. The differences
in the input signals are a result of variation in the amount of RNA loaded as indicated by the loading control indicated at bottom (Act1 mRNA).
(E) Disruption of Rnt1p cleavage sites increased the stability of Mig2 mRNA. The RNA extracted from MIG2 and mig2-1 cells was fractionated
on an agarose gel and visualized with a probe specific to Mig2 mRNA, as in Figure 1C. The RNA was quantified and plotted against time.
The data shown are the average from three experiments.
(F) Disruption of the Rnt1p cleavage sites impairs Mig2p degradation upon glucose depletion. The yeast strains MIG1 and mig2-1 were first
grown in rich medium containing 4% glucose to log phase, and the cells were then shifted to a similar medium containing 5% glycerol and
0.05% glucose. The RNA was extracted at various time points after the shift to glycerol. The Northern blot was performed as described in
Figure 1C.
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to an OD600 of 0.6 at 26C in YC complete media as previouslyconclude that Rnt1p cleavage signal is required for con-
described [24]. The temperature-sensitive (rnt1-ts) and the corre-trolling the expression of Mig2 mRNA both in the pres-
sponding wild-type (W303) strains were grown in YC-Leu media atence and the absence of glucose.
26C for an OD600 of 0.6 and then shifted to 37C for 4 hr.In this study we have shown that in the yeast Sacchar-
omyces cerevisiae, where the RNAi machinery is not Analysis of mRNA Decay
conserved, an ortholog of RNase III mediates gene si- The half-life was determined as described earlier [25]. Cells were
grown at 26C to an OD600 of 0.6 and shifted to 37C for 30 min, andlencing in response to nutritional conditions. Rnt1p is
then thiolutin was added to a final concentration of 10 g/ml. Thelocalized in the nucleus [4], suggesting that Rnt1p-
RNA samples were extracted at different time points, as previouslydependent cleavage of Mig2 mRNA occurs before
described [20]. Thiolutin was kindly provided by Pfizer (Groton, CT).
mRNA transport to the cytoplasm. Rnt1p cleavage oc- We have used the thiolutin-insensitive Pol III-transcribed RNA of
curs within the mature coding sequence downstream RPR1 (the RNA component of RNase P) to control the loading of
of Mig2p initiation codon, which would effectively inhibit the RNA upon transcription inhibition. Inhibition of transcription
upon the addition of thiolutin was confirmed with Act1 and Mvd1the translation of the cleaved mRNA. This is consistent
mRNAs as controls.with a role of Rnt1p in regulating Mig2p expression. The
discovery of an endoribonuclease-dependent nuclear
Primer Extension and Northern-Blot Analysisdegradation of mRNA in yeast mandates a reexamina-
The primer extension was conducted with the primer 5-GAGGCAT
tion of the mechanism of mRNA degradation in this GAATGGGGGCTGGTTGGGCCATG-3 as described earlier [5]. The
model eukaryote; previously, the mechanism was extended products were separated on 6% polyacrylamide gel and
visualized by autoradiography. Northern-blot analyses were per-thought to depend mainly on the exonucleolytic cleav-
formed with total RNA (20 g) run on 1% denaturing agarose gelage of cytoplasmic RNAs [14–18]. The effect of Rnt1p
as described earlier [5, 26]. The RNA was visualized with eitheron Mig2p is not an isolated event, as suggested by the
randomly labeled probes or PCR-amplified fragments correspond-number of mRNAs that are perturbed upon the deletion
ing to MIG2 or ACT1 genes. We visualized the different RNA bands
of Rnt1p (data not shown). By identifying these addi- by using autoradiography and quantified them by using an Instant
tional targets of Rnt1p, we will be able to reexamine Imager to directly detect the counts per minute (CPM) emitted from
each RNA band.the regulatory mechanism controlling the degradation
of mRNAs in response to different cellular signals. It is
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